Introduction Obstructive Sleep Apnoea
OSA is characterised by recurrent episodes of partial or complete upper airway collapse during sleep. The collapse is highlighted by a reduction in or complete cessation of airflow despite ongoing inspiratory efforts. Due to the lack of adequate alveolar ventilation that results from the upper airway narrowing, oxygen saturation may drop and partial pressure of CO 2 may occasionally rise. The events are mostly terminated by arousals. Clinical consequences are excessive daytime sleepiness related to the sleep disruption [2] .
Pathogenesis
The narrowing or occlusion of the upper airway (UA) during sleep has been attributed to several factors ( table 1 ). An abnormal anatomy of the UA, pathological and insufficient reflex activation of UA dilator muscles and increased collapsibility of the passive UA have all been demonstrated to occur and contribute to the UA collapse. More recently, it was also shown that UA collapse occurs during the terminal phase of the expiration preceding the apnoea. We recently could confirm this latter finding and obtain some preliminary indications that modelling of the expiratory phase may be worthwhile in predicting the collapse and the outcome of some UA interventions [2, 3] .
Abnormal Anatomy of the UA
There are many studies indicating that the upper airway cross sectional area is smaller in patients with obstructive sleep apnoea. The narrowing of the upper airway, when studied during wakefulness, is often seen at the retropalatal and retroglossal area. Moreover, the configuration of the airway in OSA patients is different from normal controls with an anterior-posterior configuration [4, 5] . In the airway of normal controls, a horizontal configuration is seen with the major axis in the lateral direction. During the inspiratory phase little narrowing is seen, suggesting that the activation of the upper airway dilator muscles accurately compensates for the negative intra-luminal pressures. In apnoeic patients there was even some more enlargement during inspiration, possibly due to an even more increased UA muscle dilator activity. During expiration, airway calibre initially increases, due to the positive intra-luminal pressure, again more pronounced in the apnoeic patients, which present with the more distensible airways. However, at the end of the expiration, the airways narrow significantly and this narrowing is most pronounced in OSA patients. It becomes clear already from these studies, performed during wakefulness, that narrowing of the UA is most critical at the end of the expiration. Beyond narrowing of the airway by the lateral pharyngeal walls, also tonsillar enlargement, enlargement of the uvula and tongue enlargement contribute to the occlusion of the upper airway during sleep [6] . With more detailed MRI techniques, it could be demonstrated that soft tissue enlargement predicts upper airway collapse. The volume of the tongue and the lateral walls were shown to be an independent risk factor for sleep apnoea [7] . Also ultrafast MRI imaging during sleep has confirmed these abnormalities. The variations in the velopharyngeal area during the respiratory cycle was greater in apnoeic patients than in controls and this was even more pronounced during sleep, suggesting an increased compliance of the velopharynx in these patients [8] . 
Insufficient Reflex Activation of UA Dilator Muscles
As already seen in the imaging studies, upper airway dilator muscle activation in OSA patients is quite adequate and even intensified during wakefulness. Several studies have confirmed this [9, 10] . This activation is mainly due to reflex activation provoked by negative intra-pharyngeal pressures that are more pronounced in OSA patients due to the smaller airway. This reflex is quite active during wakefulness but significantly declines during sleep. Especially during NREM sleep, this negative pressure reflex is substantially diminished or lost completely [11] . Studies of genioglossal muscle activity suggest that patients with OSA have a much greater reduction in the genioglossal EMG than normal subjects [12] . Due to the loss of this compensatory reflex activation of the UA dilator muscles, the UA of OSA patients may significantly narrow during inspiration when asleep. These mechanisms have been described before as the 'balance of forces' model ( fig. 1 ). It is likely that a combination of upper airway mechanical loads and disturbances in neuromuscular mechanisms account for the pathogenesis of OSA. For example, in a group of OSA subjects, one third of the variability in OSA severity was ascribed to mechanical loads, suggesting that neuromuscular mechanisms accounted for the remaining two thirds [13, 14] .
Increased UA Collapsibility
Increased airway collapsibility significantly contributes to the UA collapse in OSA patients. Increasing levels of upper airway collapsibility lead to greater degree of airflow obstruction [15] . UA collapsibility can be determined from pressure-flow curves: the nasal mask pressure below which the upper airway closes can be considered as the critical closing pressure (Pcrit). The pressure flow relationship is dependent on the position of the patient and the sleep stage. Abbreviated methods have been developed to measure Pcrit more conveniently during sleep [16] . Also negative pressure pulses have been applied to measure UA collapsibility. It was demonstrated that collapsibility measured during wakefulness using negative pressure pulses correlates significantly with collapsibility during sleep [17] . Interestingly, pharyngeal collapsibility is influenced by abnormal craniofacial and soft tissue features. A significant correlation was found between Pcrit and soft palate length, the distance from the hyoid bone to the posterior pharyngeal wall and the distance from the hyoid bone to the posterior nasal space [18] . In obese patients Pcrit was related to the soft palate length, in non-obese patients the Pcrit was determined by the distance of the hyoid bone to the mandibular plane. This may indicate that the anatomy of the upper airway determines Pcrit. There are, however, also other indications that cross sectional area of the upper airway, especially during inspiration, influences the Pcrit and UA collapsibility. Indeed specific stimulation of the motor part of the hypoglossal nerve during inspiration not only lowers the apnoea/hypopnoea index (AHI) in OSA patients, but also significantly decreases the Pcrit [19] . This is a very important observation since it implies that all local interventions that increase cross sectional area of the UA at the end of the inspiration have the potential to improve the sleep apnoea syndrome by lowering the Pcrit. It has also been shown that Pcrit may be related to lung volume. Upper airway size increases at higher lung volumes [20, 21] . The lung volume dependence of the upper airway size may also be greater in OSA patients. Reductions in functional residual capacity may increase pharyngeal collapsibility through reductions in tracheal traction on the pharyngeal segment. One mechanism by which CPAP may work is by increased lung volume [22] .
Expiratory Collapse
Studies using endoscopic control of the UA size have demonstrated that the complete collapse of the upper airway in OSA patients occurs at the end of the expiration preceding the apnoeic event [23] . This was also seen in the UA imaging studies [24] . We recently used the forced oscillation technique (FOT) to study the airway impedance during sleep in OSA patients [25] [26] [27] [28] . The impedance often rises during inspiration but always drops dur- ing the following expiration until collapse occurs during the end of an expiration (with Zrs amounting to the level observed during the apnoea). This clearly confirms the observations from the imaging studies, where cross sectional area of the upper airway is seen lowest at the end of the expiration.
Modeling of the Expiratory Collapse
Since the expiratory phase preceding the apnoea is crucial in the pathogenesis and the understanding of the UA collapse, we tried to model the upper airway during this phase using finite element techniques [29] . The 3D model was constructed by converting a CT scan to a computer-aided design model. The boundary conditions for this analysis approximate a normal expiration, where the displacement of the upper airway wall is limited. At the inlet a transient velocity is defined, while at the outlet a transient pressure is defined. All data are based on in-patient measurements obtained during sleep studies. By applying realistic boundary conditions and material properties, it was possible to generate a model that is in agreement with data obtained with the FOT. Clearly they correlate with the FOT data and confirm that after an initial rise in velocity during expiration, velocity drops and wall collapse occurs, which is almost complete at the end of the expiration.
Overall Pathogenic Model
When all data are taken into account, it is quite clear that OSA patients have a smaller and more collapsible airway. The airway is most at risk for complete collapse at the end of an expiration, where the tissue pressure may be larger than the intra-luminal pressure. However, it is also clear that a larger airway is associated with less collapsibility or lower Pcrit. Anatomical predisposition correlates with Pcrit [18] and artificial enlargement of the UA during inspiration also shifts the pressure-flow curve to the left [30] . The UA collapse, partially determined by the cross sectional area during inspiration, finally occurs at the end of an expiration. This process can be modelled for individual patients based on their anatomic properties obtained by UA CT and UA flow pressure profiles obtained during sleep [31, 32] . With the same model it can also be predicted that prolongation of expiratory time promotes collapse. Younes et al. [34] assessed the degree of respiratory control system instability by quantifying loop gain, which is the ratio of a corrective response (ventilation) to a disturbance (ventilatory perturbation that instigated the response). Loop gain is an engineering term used to describe the overall gain of any system controlled by feedback loops [33, 34] . A high-gain system responds quickly and vigorously to a perturbation, whereas a low-gain system responds more slowly and weakly. The 2 primary variables influencing loop gain are known as controller gain and plant gain, and both are important in ventilatory stability. The relative impact of loop gain with reference to sleep stage is shown in table 2 .
Controller gain is synonymous with chemoresponsiveness or the hypoxic and hypercapnic ventilatory responses. Thus, a high controller gain is generally due to brisk hypercapnic responsiveness. Plant gain largely reflects the effectiveness of a given level of ventilation to eliminate CO 2 . At loop gain 1 1, respiration is unstable, and periodic breathing tends to occur. Younes et al. [34] found that loop gain was greater in patients with severe OSA than in those with mild OSA [35] . Therefore, with more loop gain and P CO 2 dropping for a longer time period below the apnoeic threshold, expiratory time may prolong and collapse may be elicited.
Whether sleep and ventilatory instability play a role in upper airway collapse remains currently under investigation. It has been hypothesised that arousals may promote ventilatory instability and further favour pharyngeal collapsibility [36] . Obstructive sleep disorders develop when the normal reduction in pharyngeal dilator activity at sleep onset occurs in an individual whose pharynx requires a relatively high level of dilator activity to remain sufficiently open. It was pointed out that the polysomnographic picture differs substantially among subjects with the same pharyngeal collapsibility, and even in the same patient at different times, indicating that the type and severity of the disorder is determined to a large extent by the individual's response to the obstruction [37] .
It has been suggested that obstructed upper airway can reopen by reflex, without arousal, if chemical drive is allowed to reach a threshold but that this is often preempted by a low arousal threshold. The relation between chemical and arousal thresholds, as well as the lung-tocarotid circulation time and the rate of rise of chemical drive during the obstructive event determine the magnitude of ventilatory overshoot at the end of an event and, by extension, whether initial obstructive events will be followed by stable breathing, slow evolving hypopnoeas with occasional arousals or repetitive events [37] . We previously could also show that OSA patients may have a higher chemical drive (hypercapnic ventilatory response) that can contribute to the increased loop gain [38, 39] . Moreover, cyclic changes in arterial CO 2 around the CO 2 threshold for activation of upper airway motor neuron activity could lead to an imbalance of forces acting on the pharyngeal airway and favour closure. Treatment with CPAP lowers this CO 2 drive over time [40] . Of course, any intervention that stabilises the breathing pattern will ultimately also lower the tendency to collapse. This is the case for acetazolamide, which lowers the CO 2 threshold and therefore stabilises the breathing pattern. Acetazolamide is clearly effective for central sleep apnoea [41, 42] but can also have some effect in OSA patients.
Interaction between Central and Obstructive Sleep Apnoea
Central and obstructive events are rarely seen in isolation. The vast majority of patients with OSA also have some central events and vice versa. This observation suggests that the mechanisms responsible for the different types of apnoea must overlap. In order to study the relationship between sleep-induced periodic breathing and the development of occlusive sleep apnoeas, patients with hypersomnia-sleep apnoea were studied [43] . In this important study it was shown that sleep-induced periodic breathing, representing the instability of the system, is primary to the development of OSA. More recently, the relationship between periodic breathing and OSA was confirmed. The obstruction is, however, only manifested in subjects susceptible to upper airway atonicity and narrowing [44] .
A cause and effect relationship between central and obstructive apnoeas is given by the (frequent) occurrence of mixed apnoeas, characterised by a period of decreased central drive followed by an obstructed breath. It is our experience that central apnoeas without subsequent obstruction are less frequent than mixed apnoeas, in a general referral population with suspicion of sleep-related breathing disorders. A high index for central apnoeas, with a low index for obstructive apnoeas, is encountered in only a limited number of subjects. This probably reflects the large scatter in upper airway collapsibility and the tendency to collapse in most (even healthy) subjects [45] when the drive to the inspiratory muscles, and especially the upper airway muscles, is reduced at the nadir of periodic breathing. Upper airway muscle activation due to increasing Pa CO 2 may come behind the activation of the chest wall muscles. This represents an obvious cause of upper airway collapse [46] . During unstable breathing with waxing and waning of respiration, continuous changes in Pa CO 2 may trigger obstructive breaths by this particular type of mechanism. The decreased upper airway activation does not necessarily lead to complete collapse. It was shown in normal volunteers that total pulmonary resistance may be at its highest at the nadir of periodic changes (induced by breathing hypoxic mixtures) without complete collapse of the upper airway [47] . There was also a significant linear relationship between resistance and inverse tidal volume. Therefore, obstructive hypopnoeas may also be triggered by periodic breathing.
The same correlation between upper airway collapse and breathing patterns was studied in 10 healthy preterm infants, in which periodic breathing frequently occurs. Pulmonary resistance at half-maximal tidal volume, inspiratory time, expiratory time and mean inspiratory flow were derived from computer analysis of 5 cycles of periodic breathing. In 80% of infants, periodic breathing was accompanied by completely obstructed breaths at the onset of ventilatory cycles. The site of obstruction was located within the pharynx [48] . Some authors have thought that the collapsibility of the upper airway in itself triggers irregularities in the breathing pattern and central apnoeas. Eight patients with idiopathic central sleep apnoea were compared to 8 weight-matched, snoring control subjects. Patients with central apnoea, when compared with control subjects, exhibited markedly increased specific pharyngeal 'compliance', increased change in pharyngeal area from FRC to RV and a larger pharyngeal area at FRC. It was therefore concluded that increased pharyngeal compliance and lung volume dependence may play a role in the aetiology of central apnoeas [49] . The number of patients studied is small, taking into account the large scatter in upper airway collapsibility in 'normal' subjects [45] . It remains, however, a very attractive hypothesis to suppose a relationship between upper airway mucosal stimulation during (near) collapse and the occurrence of central apnoea.
It was also shown that the genioglossus muscle responds to negative airway pressure by reflex activation during wakefulness [50] . This reflex activation is reduced or lost during NREM sleep [51] . One could, however, based on this data, also speculate that decreased ventila-tion, as it occurs during periodic breathing, goes along with less stimulation of the genioglossal muscle, since the corresponding negative pressure stimulus is equally reduced.
Elderly people, with oscillations in upper airway resistance, have more apnoeas and hypopnoeas than those subjects without such oscillations. The oscillations in upper airway resistance produce a fluctuating mechanical limitation of ventilation which may contribute to periodic breathing [52] .
Another factor that may prevent occlusive breaths due to instability in the breathing pattern is the short-term post-stimulus potentiation, or after-discharge, following a brief hypoxic stimulus. After-discharge in these circumstances prevents ventilation from dropping below baseline, when hyperoxia and hypocapnia follow the hyperventilation phase, induced by the initial hypoxia. It was observed that patients with OSA have reduced afterdischarge and therefore are prone to more unstable breathing [53] .
Recently, upper airway patency was studied during central apnoea using fibre-optic nasopharyngoscopy [54, 55] . During induced hypocapnic central apnoea, gradual progressive pharyngeal narrowing occurred. This was even more pronounced, with complete pharyngeal occlusion, in patients with known sleep apnoea or hypopnoea. We also obtained indications for airway closure during central apnoea, based on measurements of critical closure pressure [56] and with FOT [26] . We can speculate that an 'early' arousal will terminate central apnoea, while a 'delayed' arousal will allow the central apnoea to develop into a mixed apnoea. Chemical drives may also play a role in this interaction. We recently could demonstrate that CO 2 drive correlates with event time in central apnoea and with apnoea duration in OSA. This confirms that high chemical drives promote instability in the breathing pattern, but also suggests that high drives may shorten the apnoea duration in case of upper airway collapse [39] .
Therapeutic Consequences in OSA
The choice of the therapy and also the introduction of new therapies depends on the insight into the pathogenetic mechanisms in general and, more importantly, for the patient under consideration. For patients with milder forms of OSA, where alternative treatment options for nCPAP can be considered, it might be worthwhile to obtain insight into the critical closing pressure, the site of collapse and the UA anatomy. Then, a more substantiated choice of local therapy can be made. At present, we are able to model the upper airway from individuals, so that we can predict the outcome of local interventions [3] . Such models, however, still need larger scale evaluation, but may represent a very intriguing new approach that can improve therapeutic outcomes.
Central Sleep Apnoea
There is evidence to suggest that there are a number of phenotypic traits that predispose an individual to the development of CSA. This is generally related to high loop gain (idiopathic CSA, CSR), prolonged circulation time (CSR) or defective effector organs (hypercapnic respiratory failure). There is accumulating evidence that CSA should be considered as the end of a spectrum [57] . Mostly, CSA occurs as the hallmark of unstable breathing during sleep brought about by an overall increase in loop gain (especially in light sleep stages) and the unmasking of a CO 2 threshold. Arousal following central apnoeas acts as an amplification of the instability. They are responsible for sleep fragmentation and hypersomnolence during the day. Idiopathic CSA is a relatively uncommon disorder seen at sea level, which shares the same mechanisms as present in CSR, and both can be classified as high loop gain disorders. Both tend to have low Pa CO 2 levels, even during wakefulness, and occur primarily during NREM sleep. CSA can also occur in specific pathologies, such as chronic heart failure (CHF) and (posttraumatic) brain lesions, that are associated with CSR. Decreased chemical drive and/or failing respiratory muscle function are associated with CSA and usually also with ongoing hypoventilation during wakefulness, characterised by chronic daytime hypercapnia.
Almost all studies have shown that patients with CHF may develop unstable breathing during sleep. However, not all patients develop an abnormal breathing pattern and those doing so present with central as well as obstructive apnoeas [58] [59] [60] . Almost one third develop more or less pure central apnoeas and one third pure obstructive apnoeas. It is, therefore, worthwhile to consider pathogenetic mechanisms for these phenomena in order to be able to choose the best therapeutic options. It has also been shown that CHF with unstable breathing during sleep has a worse prognosis [61, 62] , although not all studies confirm this [63] . Here the question is whether the unstable breathing worsens the cardiac function or whether those patients with the lowest cardiac function are most prone to unstable breathing and therefore have the worst prognosis [64] . Only intervention studies with effective therapies can learn whether improving the unstable breathing pattern improves survival.
We will therefore first discuss the possible pathogenetic mechanisms that lead to unstable breathing, with focus on CSR, and the interactions between central and obstructive apnoeas in CHF.
Control System Instability in CSA
The breathing pattern during sleep highly depends on the mechanisms controlling ventilation [57, 65, 66] . During sleep the so called 'wakefulness' drive disappears and the breathing becomes a purely feedback controlled system. Wakefulness drive means that stimuli related to wakefulness such as emotions, speech, vision, sound and exercise do adapt the breathing pattern in the sense that during wakefulness no apnoeas will occur, since there always remains an additional drive that guarantees a minimal level of ventilation. The set point for breathing at rest during wakefulness is given by the intercept of the metabolic hyperbola and the ventilatory response curve for CO 2 ( fig. 2 ) . Unloading of CO 2 below that set point will displace the metabolic hyperbola to the left. Then, during wakefulness the CO 2 response curve will deviate from its linear relationship and present as the so called 'hockey stick'. However, during sleep the CO 2 curve can be extrapolated linearly so that, if the CO 2 unloading is intense enough, it will cross the x-axis, which means that there is no more ventilation and an apnoea occurs. This intercept with the x-axis represents the so-called CO 2 apnoeic threshold. When during sleep the CO 2 drops below that CO 2 apnoeic threshold an apnoea will occur [67] . Due to the apnoea-related hypoventilation, the CO 2 will rise again above the threshold and respiration will resume. This will finally lead to periodic breathing during which apnoeas and breathing periods follow each other. When the CO 2 response curve shifts to the left, then the apnoeic CO 2 level will lower. This means that more CO 2 unloading is needed before the CO 2 drops below the threshold. Overall the shift to the left of the CO 2 response curve stabilises the breathing pattern. CO 2 unloading during sleep and leftward displacement of the metabolic hyperbola occurs due to hyperventilation. So, in a routine clinical setting, all conditions that lead to hyperventilation during sleep will destabilise the breathing pattern.
CHF is such a condition. Patients with CHF often develop pulmonary congestion that will lead to stimulation of intrapulmonary receptors that stimulate ventilation [68] [69] [70] . Pulmonary congestion also can lead to ventilation-perfusion mismatch with low V/Q units responsible for hypoxaemia. Low mixed venous P O 2 is often associated with CHF and will also lead to hypoxaemia. Hypoxaemia will stimulate ventilation by activation of the peripheral chemoreceptors (carotid bodies). The degree of the hypoxic ventilatory response determines the amount of hyperventilation that is associated with hypoxaemia. The hypoxic ventilatory response is mainly genetically determined. It therefore explains partially the variability among patients in the degree of hyperventilation and the associated hypocapnia. It has also been shown that patients with CSA show no rise in PET CO 2 from wakefulness to sleep and therefore have their eupnoeic P CO 2 closer to the threshold PET CO 2 [71] . PET CO 2 may also be variable over time which explains night-to-night alterations in sleep apnoea [72] . The instability can also be amplified by a diminished cerebrovascular response to PET CO 2 , especially to hypocapnia. The compromised cerebrovascular reactivity to CO 2 may increase instability because of overshooting but especially also undershooting during hypocapnia [73] . Increased ventilatory responses for CO 2 on the other hand have also been shown in CHF patients with CSA [74, 75] Hypercapnic ventilatory response curves (HCVR) for different degrees of sensitivity given for wakefulness (W) and sleep (S). During sleep the HCVR curves can be linearly extrapolated so that ventilation will stop at the intercept with the x-axis. The intercept is called the apnoeic threshold for CO 2 (AT). Treatment with acetazolamide may shift the CO 2 response curve to the left which also shifts the AT to the left (AT1 becomes AT2). When the CO 2 threshold is located at AT2 the breathing becomes more stable since it takes more hyperventilation before the PCO 2 drops below the threshold.
examination of the respiratory pattern in idiopathic CSA suggests that other mechanisms must be involved as well. A pure cycling of chemoreceptor-mediated respiratory output would yield a gradual waxing and waning of ventilation, with an apnoea or hypopnoea at the nadir as is seen in CSR. In idiopathic CSA, the respiratory pauses are terminated with an abrupt, large breath, not with a gradual increment in ventilation. This pattern strongly suggests that the mechanisms involved in respiratory switching (expiration to inspiration) are affected by this disorder [76] . The long expiratory pause that characterises these central apnoeas seems to be a failure of the expiratory-toinspiratory switch, which may be influenced not only by the chemoreceptors but also other mechanisms as well (lung volume, chest wall mechanoreceptors, blood pressure). How these inputs individually contribute to this cycling respiratory pattern is unclear [77] .
Global Model for CSA All the above mentioned factors can be integrated into a global model. Also some mathematical models have been developed, taking into account all the factors influencing breathing pattern generation. The occurrence of unstable breathing and periodic breathing depends on the quantitative relationships among the elements of the control systems and certain crucial parameters, such as controller gains, set points and circulation time. Prolongation of the information transfer, due to lengthened circulation time, and increased controller gain and set points make periodic breathing more likely to occur. Occasionally the disturbance is sufficiently great to produce continuous periodic breathing, but more often periodic breathing and the occurrence of central apnoeas is transient. The number and the length of the apnoeas is an indication for the tendency of the system for instability [78] . There are, however, also still other factors involved. Metabolic rate can affect the stability of the response of the system: lower metabolic rates result in increases in the number of apnoeic cycles, when the system is disturbed. Also a shift in the controller operating point during sleep with an increase in Pa CO 2 can enhance the instability. Gas store changes are accelerated by the proportionally higher amount of CO 2 expelled at a given ventilation rate when Pa CO 2 is higher. In fact, during sleep, metabolic rate declines and Pa CO 2 rises, while chemoreceptor gains decline as mentioned above, but their inter-subject variability may be high. It is the final interaction between all these factors that, in the end, determines the breathing pattern ( table 1 ) . During light sleep the overall result is mainly an increase in overall gain, whereas during slowwave sleep, due to a further decline in chemoreceptor gain, the overall gain declines. This explains why the most unstable breathing patterns are observed immediately when falling asleep.
Periodic breathing can be simulated by mathematical models. They include the effect of chemical stimuli during sleep on both chest wall and upper airway muscle activity [79] . These models indicate that obstructive as well as central apnoeas can be due to control system instability. Central apnoeas increase the likelihood of obstructive apnoeas, whereas obstructive apnoeas tend to aggravate the control instability [46] . The interaction between central and obstructive apnoeas is therefore very likely and confirmed by many clinical observations.
Interaction between Central and Obstructive Apnoeas in Chronic Heart Failure
Obstructive apnoeas have clearly more cardiovascular effects since the negative intra-thoracic pressure swings will compromise the left ventricular function. However, it might well be that irregular breathing (and thus central apnoeas) will promote upper airway collapse and thus obstructive apnoeas. Whether apnoeas in patients with congestive heart failure are central or obstructive may depend on the characteristics of the individual's upper airway (size, collapsibility), with obstructive events potentially resulting from decreased upper airway muscle tone at the nadir of the respiratory cycle in an individual with a susceptible airway [77] . It could be shown that prolongation of the expiratory time, as it occurs during a central apnoea, promotes the upper airway to collapse. Patients with already elevated Pcrit will definitely close their upper airway if the expiratory time is prolonged during a central apnoea. Some are still capable of reopening their airway when respiration resumes, but many, because of lack of coordination between upper airway dilators and inspiratory muscle activation or because of bridging at the mucosa level, will not be able to reopen their airways. This means that the prolongation of the expiratory time combined with an already relatively increased Pcrit predisposes some CHF patients not only to CSA but also to OSA or their combination.
Obesity Hypoventilation Syndrome
OHS is commonly defined as a combination of obesity (BMI 6 30 kg/m 2 ) and awake arterial hypercapnia (Pa CO 2 1 45 mm Hg) in the absence of other known causes of hypoventilation [80] . Patients may demonstrate a spectrum of findings: episodes of obstruction, hypoventilation or sustained obstructive hypoventilation due to partial upper airway obstruction [81] . We do not know why some obese patients develop OHS, while others do not, nor do we fully understand the pathogenesis of OHS, although it is almost certainly multifactorial in nature [82] . Some authors suggest that OHS is a mixed disorder of 'can't breathe' (unable to overcome impediments to breathing resulting from derangements in lung function or the performance of the respiratory muscles) and 'won't breathe' (decreased ventilatory drive disorder) [83] [84] [85] . Ventilatory muscle dysfunction, abnormal load responsiveness, increased respiratory work and CO 2 production, impaired central respiratory drive and repeated airway occlusion during sleep are all possible pathophysiological components in this entitity, but the precise contribution of each remains to be fully clarified [81, 82, 86, 87] . Different responses to CPAP or non-invasive positive pressure ventilation (NIPPV) might reflect an intriguing possibility: the weight of the different pathophysiological mechanisms may vary in individuals with OHS. It seems that in some patients, severe obstructive sleep apnoea syndrome might be a major contributor to OHS pathophysiology, with respiratory system mechanics playing only a minor role. These patients could be successfully treated with long-term CPAP. On the other hand, other patients might stand out as having moderate or severe restrictive pulmonary defects and considerable nocturnal desaturation with low AHI values. These patients would require long-term NIPPV [82, 88] .
Ventilatory System Mechanics
Obesity acts as a mass load on the respiratory system [89] , which implies both a weight placed on the respiratory apparatus as well as an increase in respiratory inertance [90, 91] . This leads to a significant reduction in total lung capacity, vital capacity, functional residual capacity, and increases in residual volume have been shown [92] . The fat deposit in the chest wall can modify the respiratory mechanisms and can lead to a threefold increase in the work of breathing [93] . Decreases in chest wall and lung parenchymal compliance, increased lung resistance and inspiratory muscle strength have been observed [94, 95] . As a result, OHS patients must maintain an increased oxygen cost of breathing (15% compared to 3% in nonobese subjects), which may result in a relative state of respiratory muscle fatigue [93, 96, 97] . Maximal voluntary ventilation, a measure of ventilatory endurance, is reduced in simple obesity and further reduced in OHS [80, 93] . Patients with OHS also have a higher upper airway resistance both in the sitting and supine positions, when compared to patients with moderate-to-severe OSA with similar degrees of obesity and control subjects [98] . The role of diaphragmatic weakness in the pathogenesis of this disorder remains uncertain, because patients with OHS can generate similar transdiaphragmatic pressures at any level of diaphragmatic activation compared to eucapnic obese subjects [96] . Pankow et al. [99] have shown that NIPPV unloads the inspiratory muscles in patients with OHS. These results emphasize the role of respiratory muscle fatigue in OHS.
However, it does not appear that obesity is the only determinant of hypoventilation as only a minority of morbidly obese patients develop chronic hypercapnia [100, 101] .
Control of Breathing
Other determinants of hypoventilation include a blunted central responsiveness to hypercapnia and hypoxia [38, 102] . Patients with OHS can achieve eucapnia during voluntarily hyperventilation, implying that impairments in respiratory system mechanics alone do not explain the hypoventilation [86] . Also, the mouth occlusion pressure (P0.1 response) is higher than seen in nonobese patients [96] . The slope of the hypercapnic ventilatory response is ! 1 l/min/mm Hg in OHS, 1.5-2.5 l/min/ mm Hg in eucapnic obese individuals and 2-3 l/min/mm Hg in healthy subjects [38, 103, 104] . The decrease in ventilatory response is attributed to an inadequate increase in tidal volume as a result of a blunt neural response to hypercapnia [89, 102] , and has been demonstrated to improve with CPAP or NIPPV [105, 106] . The hypoxic ventilatory response is also blunted in subjects with OHS. This abnormality is, however, not familial and improves with treatment as well [107, 108] .
An intriguing component of OHS pathogenesis concerns the metabolic consequences of obesity and its effect on ventilatory control. Leptin acts on the central respiratory centres to stimulate ventilation, whereas leptin deficiency has been associated with hypoventilation [109] . In obese humans, very high levels of leptin have been found that do not seem to suppress appetite, suggesting that human obesity may be a leptin-resistant state. In some obese subjects central leptin resistance may lead to depressed ventilatory drive and, hence, OHS [110] . Yee et al. [87] demonstrated that regular use of non-invasive ventilation reduces leptin in OHS, although evidence is controversial [111] . Differences in study results can be explained by the exclusion of patients with OSA, since serum leptin levels are lower in patients with OHS without OSA [111] .
Obstructive Sleep Apnoea
Approximately 90% of OHS patients have underlying OSA [80] . OSA could predispose to daytime hypercapnia by causing nocturnal hypoxaemia [112] and sleep fragmentation [113] that, in turn, impair mass load compensation thereby predisposing obese patients to hypercapnia. Loss of the so-called normal CO 2 -response to apnoea that protects against the development of hypercapnia by stimulating respiratory compensation for each apnoea during the inter-apnoea period is thought to predispose to daytime hypercapnia in patients with OSA [114, 115] . Patients with these concurrent syndromes may be caught in a vicious circle, which may lead to more severe exposure to hypoxaemia and hypercapnia and further attenuation of the ventilatory response [80] . The remaining 10% of patients with OHS have an AHI ! 5. The sleep-disordered breathing in this subset of patients has been labelled as sleep hypoventilation and is defined as an increase in Pa CO 2 during sleep by 10 mm Hg above wakefulness or significant oxygen desaturation that is not explained by obstructive apnoeas or hypopnoeas [116] .
Model Combining Sleep-Disordered Breathing, Central Respiratory Drive and Renal Buffering
The role of OSA in the pathogenesis of hypoventilation has been established by the resolution of hypercapnia in the majority of patients with OHS treated with CPAP or bi-level positive airway pressure without any significant change in BMI. There is pathophysiologic basis behind how severe OSA, as measured by AHI, could lead to hypercapnia [117] [118] [119] . In patients with OSA, the minute ventilation during sleep does not decrease due to the large increase in the minute ventilation between the obstructive respiratory events. Obstructive apnoeas can, however, lead to acute hypercapnia if the duration of the interevent hyperventilation is inadequate to eliminate the accumulated CO 2 [119] . In very severe cases of OSA, there is not much time left to increase the minute ventilation between the obstructive events, leading to significant nocturnal hypercapnia. This acute hypercapnia causes a small increase in serum bicarbonate level that is not corrected before the next sleep period if the time constant of bicarbonate excretion is longer than that of CO 2 . The elevated bicarbonate level blunts the ventilatory response to CO 2 from its initial value by reducing the change in hydrogen ions for a given change in CO 2 and would ultimately result in a higher wake CO 2 level [100, 117] .
Conclusions
In summary, upper airway mechanics in sleep-disordered breathing encompasses a wide range of distinct yet interrelated mechanisms that lead to substantial pathology. The pathophysiology of the various forms of sleepdisordered breathing varies greatly.
For obstructive apnoea, pharyngeal anatomy, upper airway muscle responsiveness, arousal threshold and loop gain may all contribute to apnoea presence and severity. For central apnoea, many mechanisms can be involved, but most contribute to the increase in the overall gain of the controller system and to the circulation time. OHS results from complex interactions, among which are increased work of breathing related to obesity, normal or diminished ventilatory drive, various associated sleep breathing disorders and neurohormonal changes such as leptin resistance. As outlined in this review, many factors, alone or in combination, can contribute to the development of sleep-disordered breathing and suggest a heterogeneous pallet of clinical presentations, rather than a single disease entity. Knowledge of common patterns of sleep-disordered breathing may help to identify patients and guide therapy.
